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Abstract 
The single and double filled p-type skutterudites Ce0.8Fe3CoSb12 and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 have been prepared by mechanical alloying. This offers a rapid 
method for the preparation of skutterudites that could be scaled up for adoption at industrial 
level. The large-scale samples prepared by ball-milling exhibit enhanced figures of merit ZT, 
compared with materials prepared by conventional solid-state reaction. At room temperature 
ZT is increased by ca. 19 % for both single and double filled skutterudites. Maximum figures 
of merit, ZT = 0.68 and ZT = 0.93 are attained for Ce0.8Fe3CoSb12 at 773 K and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 at 823 K respectively. The improvement in thermoelectric values at 
room temperature may be traced to a reduction in thermal conductivity in the ball-milled samples 
arising from the reduced grain size. The influence of the microstructure on the thermoelectric 
properties, together with the stability in air and the performance of the materials after several 
heating and cooling cycles has been studied and are detailed in this work. The densified 
samples prepared by ball-milling also show a higher resistance to oxidation, which starts at 
694 K for Ce0.8Fe3CoSb12 and at 783 K for Ce0.5Yb0.5Fe3.25Co0.75Sb12. 
Keywords 
Thermoelectric Materials; Inorganic Materials; Intermetallics; Mechanical Alloying 
Electrical Transport; Heat Conduction 
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1. Introduction 
Thermoelectric (TE) materials are expected to play an important role in a global 
sustainable energy solution by facilitating reductions in fossil fuel consumption and 
optimisation of energy usage. The scientific challenge is to optimise the three key 
inter-dependent properties of the materials: Seebeck coefficient (S), electrical (σ) and 
thermal (κ) conductivities, which determine the figure of merit (ZT=S2σT/κ) and the 
TE performance.[1, 2] 
One approach to creating materials with high ZT values is to select a semiconductor 
with a large power factor (PF = S2σ) and minimize its thermal conductivity. Since κ 
has electronic (κe) and lattice (κL) contributions, the strategy is to target reductions in 
κL without impairing the electron transport properties.[3] This is the approach adopted 
in skutterudites, which crystallise in a body-centred cubic structure (space group Im3 ) 
containing two M4X12 formula units and two large empty cages per unit cell.[4, 5], The 
prototypical CoSb3 possesses a large power factor (S2σ ≈ 30 µW cm−1 K−2) but the 
thermal conductivity is too high (κ ≈ 10 W m-1 K-1 at 298 K) to achieve high ZT.[6-8] 
Guest elements such as rare earth ions, often termed fillers, can partially occupy the 
cages (Figure 1). It has been proposed that localised “rattling” vibrations of the filler 
atoms lead to strong scattering of phonons, resulting in a marked reduction in lattice 
thermal conductivity.[9-11] 
Scattering of heat-carrying phonons is maximised for those with frequencies close to 
the resonance frequency of the filler. Multiple fillers with different resonance 
frequencies promote scattering over a broader range of the phonon spectrum, reducing 
the lattice thermal conductivity over that of singly-filled systems.[12-15] However, 
filling skutterudites with multiple elements complicates the synthesis. To date, there 
have been a limited number of experimental reports on the synthesis of multiple-
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element-filled skutterudites and only modest improvements in TE performance have 
been achieved for p-type materials. [12, 16-19] 
Singly and multiply-filled skutterudites are traditionally prepared by the melting-annealing 
method. This involves the reaction of the constituent elements by melting at high 
temperatures, followed by a lengthy annealing process to ensure the homogeneity of the final 
product. However, significant research efforts have been devoted to investigate new efficient 
ways to prepare materials by using alternative methodologies where the energy requirements 
for synthesis and reaction time are drastically reduced.[20-23] In this work, we present a fast 
synthetic procedure for the p-type materials, Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12, 
using
 
ball milling. These materials were selected to demonstrate the potential for scale up using ball 
milling techniques, as they have proven thermoelectric performance.[24-26] This technique uses 
mechanical energy to effect reaction. The fast collisions between the balls and powdered 
elements decreases the size of the reactant particles until active sites are created, facilitating 
the diffusion process, and causing reaction to take place.[27, 28] Furthermore, this 
methodology allows the preparation of large amounts of sample (> 60 g per batch at the 
laboratory scale) and is potentially scalable for large-scale industrial production of 
skutterudite materials. Moreover, the considerable reduction in the particle size of the 
synthesized products improves the sintering of the resulting nanopowders, which is beneficial 
in obtaining a dense bulk material by hot-pressing or alternative sintering process.  
 
2. Experimental 
2.1. Synthetic procedures 
A Ce0.8Fe3CoSb12 single-filled skutterudite and a Ce0.5Yb0.5Fe3.25Co0.75Sb12 double–
filled skutterudite were synthesised by ball milling stoichiometric amounts of Ce (Alfa 
Aesar, 99.8% ingot), Yb (Alfa Aesar, 99.9% ingot), Fe (Aldrich, 99.9+ % powder), Co 
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(Alfa Aesar, 99.8% powder) and Sb (Alfa Aesar, 99.5% powder). The appropriate 
amounts of the elements were loaded together with 13 ZrO2 balls (20 mm diameter) 
into a 250 ml ZrO2 grinding vessel, equipped with a gas-tight lid, inside an argon-
filled glove-box. A powder to balls ratio of 1:5 by weight was used and the filling 
level of the grinding bowl (chemicals and balls) was ca. 30 %. The grinding vessel 
was loaded into a Fritsch FP5 Planetary Ball Mill. Grinding was carried out at 400 rpm 
in 15 min interval steps with a change of direction, for 10 h.   
In order to study the influence of ball-milling on the TE properties, reference samples 
of Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12 were synthesized using the melting-
annealing route. The reaction conditions used were those previously described by 
García-Cañadas et al. [24] and Ballikaya et al. [25] for the single and the double filled 
skutterudites, respectively. The melting-annealing synthesis in a sealed silica tube is 
restricted in scale, typically generating 5-7 g of the product material. By contrast, the 
ball-milling process enables 60 g of skutterudite to be produced in a single step, whilst 
reducing the synthesis time from 1-2 weeks to 10 h. 
The synthesized materials were consolidated by hot pressing. Powders were loaded 
into a graphite mould with tungsten carbide dies and hot-pressed at 873 K for 30 
minutes, at a pressure of 100 MPa, under a flowing nitrogen atmosphere. It should be 
noted that ball-milled samples must be kept under an inert gas when transferring from 
the glove box to the hot press. The skutterudite nanoparticles can ignite when in 
contact with air, although samples are stable following consolidation.  
The densities of the consolidated pellets were measured using an Archimedes balance 
ADAM PW184. All densified pellets from ball-milling powder were found to have 
densities above 98 % of the crystallographic values of 7.8 g cm-3 (Ce0.8Fe3CoSb12) and 
8.0 g cm-3 (Ce0.5Yb0.5Fe3.25Co0.75Sb12).  
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2.2. Powder X-Ray diffraction and Rietveld refinements 
Powder X-ray diffraction (XRD) data for all samples were collected using a Bruker D8 
Advance Powder X-ray diffractometer, operating with Ge monochromated Cu Kα1 radiation 
(λ= 1.54046 Å) and fitted with a LynxEye detector. Data were collected over the angular 
range 5 ≤ 2θ/° ≤ 120 for 6 hours. For the samples prepared by ball-milling, a sample holder 
for air sensitive samples was used, in which the powder is placed between two layers of 
Kapton film.   
Structural refinements were carried out using the Rietveld method implemented in the 
FullProf software package.[29] The peak shape was described using a Thompson-Cox-
Hastings pseudo-Voigt profile function. The background was fitted using linear interpolation. 
The zero point shift, lattice parameter, fractional atomic coordinates and isotropic thermal 
displacement parameters were then refined. 
 
2.3. SEM-EDS  
Scanning Electron Microscopy (SEM) studies were carried out on the surface of sintered 
pellets using a FEI Quanta FEG 600 Environmental Scanning Electron Microscope, operating 
at a voltage of 20 kV under high vacuum. The microscope is fitted with an X-ray Energy 
Dispersive Spectroscopy (XEDS) analyser. XEDS analysis was performed on both powder 
and pellets sampling 5 different areas of each image in order to determine the average 
composition and gauge the level of homogeneity. 
 
2.4. Thermogravimetric analysis 
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A TA-Q600SDT TGA instrument was used to investigate the thermal stability of ca. 40 mg 
of skutterudite powder and of a fragment pellet as a function of temperature in air. The 
samples were heated from room temperature to 873 K, with a 5 K min−1 ramp rate. 
 
2.5. Electrical and thermal transport measurements 
The electrical resistivity (ρ) and Seebeck coefficient (S) were measured simultaneously for a 
consolidated pellet using a Linseis LSR-3 instrument over the temperature range 300  ≤ T/K ≤ 
823 , under a temperature gradient of 50 K, using an applied current of 100 mA and a partial 
pressure of He. The sample was mounted on Pt electrodes and 2 thermocouple probes were 
attached on one side. Five heating and cooling cycles were carried out to investigate the 
performance of the materials on cycling. The chamber was evacuated and filled with a partial 
pressure of He between each measurement.  
A Netzsch LFA 447 NanoFlash instrument was employed to measure the thermal diffusivity 
(α) and the heat capacity (Cp) of the samples over a temperature range of 300 ≤ T/K ≤ 573 in 
25 K steps. Higher Temperature measurements (573 ≤ T/K ≤ 823 K) in 50 K steps were 
performed using an Anter Flashline 3000 instrument.  The consolidated samples have a 
diameter of 12.7 mm and a thickness of ca. 2 mm. In order to maximise the heat absorption, a 
graphite coating was applied to the surface of the pellet. The thermal conductivity (κ) is 
calculated using κ =αCpρ, where ρ is the sample density. A reference material, PyroceramTM 
9606, was used as a reference for the determination of the heat capacity of the samples. 
Cowan's model [30] with a pulse correction was applied to calculate α. The electronic (κe) 
and lattice (κL)  contributions of the thermal conductivity were estimated using the electrical 
conductivity data in conjunction with the Wiedemann–Franz law with a Lorenz constant of 
2.45 x 10-8 W Ω K-2.[31]  
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3. Results and discussion 
3.1. Structural and microstructural characterization  
Powder X-ray diffraction data for the as-prepared ball-milled samples and for the 
consolidated ball-milled samples (Figure 2) indicate that a skutterudite phase has been 
formed. Comparison with data collected on the reference samples (ESI) indicates that the 
samples prepared by ball-milling are of higher purity than the conventional samples, for 
which small amounts of secondary phases, including Sb and Yb2O3, are present. The 
nanometric size of the ball-milled powders is evidenced by the significant diffraction line 
broadening. Average crystallite sizes were calculated from the full width at half maximum of 
the (1 3 0), (2 3 1) and (2 4 0) reflections, using the Scherrer formula,[32] and are 
summarized in Table 1. Crystallite sizes for the ball-milled samples are significantly smaller 
than those for the conventionally-prepared samples. In both cases, the crystallite size 
increases with hot pressing. A similar particle size distribution [33], has been observed in 
skutterudites of general formula DDy(Fe1-xCox)4Sb12 (DD: didymium = mixture of Pr and 
Nd), with a crystallite size of ca. 100 nm, synthesized by ball-milling.  
As illustrated in Figure 3, Rietveld refinements using the filled skutterudite crystal structure 
[34] for the initial structural model, yielded satisfactory fits for ground ball-milled pellets. In 
the case of the single-filled skutterudite, trace amounts of Sb (ca. 2 %) is present as a 
secondary phase. There is no evidence of impurity phases in the double-filled skutterudite. 
The lattice parameters are in good agreement with those previously reported for 
Ce0.8Fe3CoSb12,[34] as well as with those for the reference samples. Refinement of the site 
occupancy factors did not substantially improve the fit and hence site occupancy factors were 
fixed to their nominal values. Table 2 summarizes the results of the structural analysis for 
ball-milled samples, while results for the conventionally-prepared samples are included in the 
ESI. 
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In all cases, SEM micrographs of the consolidated pellets (Figure 4) show a dense 
microstructure, void-free and with a relatively uniform grain size. The grains are smaller for 
the samples prepared by ball milling (Fig 4a and 4c) than for those prepared by conventional 
synthesis (Fig. 4b and 4d). The grain size distribution is also narrower for the ball-milled 
samples than for the conventionally-prepared samples. The chemical composition determined 
by XEDS (ESI), summarized in Table 3, is in good agreement with the expected values based 
on the initial stoichiometry of the reaction mixtures. 
 
3.2. Stability in air – Thermogravimetric analysis 
Thermogravimetric data were collected in an atmosphere of air, in order to determine the 
stability of the materials and the onset of oxidation, under the conditions likely to be found in 
thermoelectric applications. As described in the experimental section, the as-prepared ball-
milled nanoparticles can ignite in contact with air and hence it was not possible to carry out 
TGA analysis on the powder prepared by ball milling. Figure 5 shows the TGA curves for 
consolidated samples prepared by conventional and ball milling methods, and for the 
powders prepared by the conventional method. Upon heating, there is an increase in weight 
which indicates the onset of oxidation.  
The oxidation of the pellets starts at higher temperatures than for the powder, indicating the 
legs in a thermoelectric module would be more stable than the as-prepared powder. The onset 
of oxidation occurs at 495 K for Ce0.8Fe3CoSb12 and at 623 K for the 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 powder prepared by the melting-annealing method. It has been 
suggested that Fe-Sb-based skutterudites are oxidized more easily than the Co-Sb-based 
congeners and that the activation energy for oxidation of the former is lower.[35, 36] 
However, the impact of the rare-earth filler ions has not been examined extensively. Our data 
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suggest that Yb stabilises the material with respect to oxidation. This may be related to the 
slight decrease in electropositive character across the rare-earth series.  
For the Ce0.8Fe3CoSb12 pellet, oxidation begins at 593 K for the conventional sample and at 
694 K for the ball-milled pellet, respectively. In the case of the double-filled skutterudite 
pellets, the thermal stability is higher, with oxidation taking place at 646 K (conventionally 
prepared sample) and 783 K (ball milled sample). In all cases, the ball-milled pellets have an 
improved thermal stability. This difference in the onset of oxidation for samples prepared by 
different methods may be related to the microstructure of the samples. To the best of our 
knowledge, this is the first time that this effect has been observed in skutterudite. As 
observed in the SEM micrographs, the samples prepared by ball-milling present a more 
regular surface, which contains more grain boundaries. XRD patterns after heating indicate 
the formation of oxides of the constituent elements (FeSbO4, CoSb2O6, Sb2O4, Yb3O4, CeO). 
 
3.3. Thermoelectric properties 
Figure 6 shows the Seebeck, resistivity and the power factor data (S2σ) for the single- and 
double-filled skutterudites prepared using different methods. The Seebeck coefficient is 
positive in all cases, indicating that the dominant charge carriers are holes (p-type behaviour). 
S increases with temperature, reaching a maximum at ca. 800 K for all samples. The 
magnitude of the Seebeck coefficient is consistent with the literature value for the 
conventionally synthesised Ce0.5Yb0.5Fe3.25Co0.75Sb12 (S ≈ 160 µV K-1 at 800 K) 24 whilst that 
for Ce0.8Fe3CoSb12 is slightly higher (S ≈ 125 µV K-1 at 600 K against 110 µV K-1 at 600 K) 
[24, 37, 38]. The number of charge carriers has been estimated from the linear part of S(T) 
(300 – 600 K) using Mott’s formula.[39, 40] The values obtained are in good agreement with 
the literature, and are presented in Table 4.[25, 41, 42] 
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The electrical resistivity of the samples decreases slightly with decreasing temperature: a 
behaviour reminiscent of a metal. The resistivity of the ball-milled Ce0.8Fe3CoSb12 is ca. 12 
% higher than that of the conventionally prepared sample at room temperature. However, this 
is accompanied by an increase of ca.15 % in the Seebeck coefficient. As a result, the changes 
in electron-transport properties compensate one another, such that similar power factors are 
observed for both single and multiple-filled skutterudites. The power factor of 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 is ca. 14 % larger than for Ce0.8Fe3CoSb12. 
The total thermal conductivity of the samples increases slightly with increasing temperature 
(Figure 7). The discontinuity in the measurements at 573 K (< 7 %) is due to discrepancies 
between the two instruments (LFA 447 NanoFlash and Anter Flashline 3000) used to 
measure thermal diffusivity in the different temperature ranges. The rare earth atoms located 
in the voids have a significant effect on phonon propagation, causing a decrease of ca. 80 % 
in the total thermal conductivity at room temperature, compared to the archetypical CoSb3. 
The samples synthesised by ball milling exhibit a significantly lower thermal conductivity at 
room temperature than those prepared by the melting-annealing method: a 12 % and 14 % 
reduction being observed for Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12, respectively. 
This improvement in the thermal transport properties is related to the influence of the 
interfaces in nanostructured phases, which scatter phonons with mean free paths larger than 
the interface spacing, producing a reduction in the lattice thermal conductivity.[43]  This is 
demonstrated in Figure 7 which shows that the lattice contribution of the thermal 
conductivity for both ball-milled samples is much lower than for the reference samples (46 % 
and 45 % decrease of κL for Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12, respectively). 
Above 500 K, the reduction in thermal conductivity is less marked for the ball-milled double filled 
skutterudite, with an improvement of ca. 3 %, a value that is within the likely experimental error. The 
maintenance of the power factor for both single and multiple filled skutterudites together with 
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the significant reduction in thermal conductivity, results in an increase in the figure of merit, 
ZT, (Figure 8). In the case of Ce0.8Fe3CoSb12 the enhancement in ZT is ca. 6 % whilst that of 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 is ca.  14%. The resulting figures of merit, ZT, for the single and 
double-filled skutterudites are 0.68 (773 K) and 0.93 (823 K), respectively. A summary of the 
thermoelectric properties of the samples investigated is presented in Table 5.  
The evaluation of the thermal cyclability, over the temperature range 300 ≤ T/K ≤  813, of 
these materials was carried out for the sample with the highest ZT: Ce0.5Yb0.5Fe3.25Co0.75Sb12 
prepared by ball milling. It was found that the TE performance is reproducible after 5 
heating-cooling cycles. The additional transport property data are included in the ESI. 
The figure of merit ZT obtained for the single filled skutterudite is close to the best values 
reported for single-filled skutterudites. Sales et al.[10] measured ZT = 0.8 at 750 K for 
LaFe3CoSb12, whilst similar performance was obtained for Ce0.12Fe0.71Co3.29Sb12 by Tang et 
al.[44]. Zhou et al.[17] have reported ZT = 0.99 at 700 K in the double-filled skutterudite  
Yb0.25La0.60Fe2.7Co1.3Sb12, whilst in a few cases, higher figures of merit have been obtained 
for double filled skutterudites., including  DD0.65Fe3CoSb12 (ZT = 1.2 at 800 K)[19] and 
DD0.76Fe3.4Ni0.6Sb12 (ZT = 1.2 at 800 K),[45] where DD refers to a mixture of Pr and Nd.  
Recently, commercially-produced skutterudite materials, with high ZT values, came onto the 
market supplied by Treibacher Industrie AG. The commercial p-type material exhibits a 
maximum of ZT= 1.0 ± 0.1,[33] similar to the double-filled skutterudite reported here. 
However the preparation of this material appears to necessitate the use of the melt quench 
annealing technique [46]. We believe the notable finding of the present work is the 
demonstration that is possible to scale up the preparation by ball milling and simultaneously 
reduce synthesis times of both single and double filled skutterudites, whilst achieving a level 
of performance comparable with that of materials prepared by conventional methods. 
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4. Conclusions 
In the present study we have successfully prepared single and double-filled skutterudites 
using a ball-milling process. This methodology offers a straightforward single step process 
that readily lends itself to scale-up. The materials prepared, Ce0.8Fe3CoSb12 and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12, exhibit an enhanced thermoelectric performance, when compared 
to the conventionally prepared samples, with figures of merit, ZT = 0.68 for Ce0.8Fe3CoSb12 
at 773 K and ZT = 0.93 for Ce0.5Yb0.5Fe3.25Co0.75Sb12 at 823 K being achieved. This 
improvement is due to a reduction in the lattice thermal conductivity, which may be 
associated with the reduction in grain-size and hence increase interface scattering as a result 
of ball milling.  Furthermore, the densified samples prepared by ball-milling show a higher 
resistance to oxidation. The procedure detailed in this paper may be adaptable for large scale 
industrial production of air sensitive skutterudites.   
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Table 1: Average crystallite size determined using the Scherrer formula. 
 
Ball milling Conventional synthesis 
Single-filled Double-filled Single-filled 
Double- 
filled 
Powder 94(7) nm 104(5) nm 345(3) nm 221(4) nm 
Consolidated 
pellet 188(6) nm 156(4) nm 383(5) nm 240(3) nm 
 
 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
17 
 
Table 2. Refined parameters for Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12, obtained 
using powder X-ray diffraction data (Space group: Im). 
 
Nominal composition Ce0.8Fe3CoSb12 Ce0.5Yb0.5Fe3.25Co0.75Sb12 
Lattice parameter,  a / Å 9.11655 (3) 9.1293 (1) 
y(Sb)a 0.33654 (9) 0.3346 (1) 
z(Sb) 0.1601 (1) 0.1585 (1) 
Uiso(Sb) / Å2 0.0046(3) 0.0024 (2) 
SOF(Sb) 1 1 
Uiso(Fe/Co)b / Å2 0.0048 (7) 0.0043 (3) 
SOF(Fe) 0.75 0.8125 
SOF(Co) 0.25 0.1875 
Uiso(Ce)c / Å2 0.0167 (8) 0.049 (1) 
SOF(Ce) 0.8 0.5 
Uiso(Yb)c / Å2 - 0.049 (1) 
SOF(Yb) - 0.5 
Rwp (%) 6.50 5.90 
a
 Sb on 24g, (0,y,z); bFe/Co on 8c (¼,¼,¼); c Ce/Yb on 2a, (0,0,0) 
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Table 3. Chemical composition determined using X-ray Energy Dispersive Spectroscopy 
(XEDS). 
 Single-Filled Double-Filled 
Pellet – Ball 
milling Ce0.8(1)Fe2.9(2)Co1.0(1)Sb12.0(1) Ce0.6(1)Yb0.4(1)Fe3.0(2)Co0.6(2)Sb12.1(2) 
Powder – 
Conventional Ce0.9(1)Fe2.9(2)Co0.8(1)Sb12.0(1) Ce0.4(1)Yb0.4(2)Fe3.2(2)Co0.7(2)Sb12.1(1) 
Pellet – 
Conventional Ce0.7(1)Fe2.8(2)Co1.0(2)Sb12.1(1) Ce0.5(1)Yb0.4(2)Fe2.9(2)Co0.7(1)Sb12.1(2) 
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Table 4. Carrier concentration of the samples. [x 1021 cm-3] 
 
 
 This work 
Literature [Ref] 
 BM Cnvt 
Ce0.8Fe3CoSb12 1.37  1.44  1.8   [42] 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 1.08  1.02 1.15  [25] 
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Table 5. Summary of the thermoelectric properties of the synthesized single and double-filled skutterudites 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples Method T (K) 
S 
(μV/K) 
ρ (μΩ m)
 PF 
(mW/ m K
2
) 
κ (W/m K) κL (W/m K) ZT 
Ce0.8Fe3CoSb12 
BM RT 99 9.29 1.06 2.01 1.21 0.16 
773 157 11.39 1.85 2.1 0.44 0.68 
Cnvt 
RT 88 7.95 0.97 2.26 1.33 0.13 
773 139 9.69 1.99 2.51 0.56 0.61 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 
BM RT 95 6.87 1.31 1.80 0.65 0.22 
773 155 8.79 2.73 2.44 0.29 0.86 
Cnvt 
RT 98 7.26 1.32 2.19 1.17 0.18 
773 162 10.28 2.55 2.41 0.54 0.82 
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Figure captions 
Figure 1. Polyhedral representation of the filled skutterudite structure, illustrating the 
void space in which filler atoms reside. 
Figure 2 Powder X ray diffraction patterns of the as-prepared ball-milled samples, 
recorded under Kapton foil to avoid reaction with air, and the same samples 
after consolidation by hot pressing. 
Figure 3 Final observed (red dotted line), refined (black solid line) and 
difference (lower blue line) profiles from Rietveld refinement using 
powder X-ray diffraction data for Ce0.8Fe3CoSb12 and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12. Markers indicate the reflection positions for 
the skutterudite phase. 
Figure 4 SEM micrographs of hot-pressed pellets: a) Ce0.8Fe3 oSb12 – ball milling 
synthesis, b) Ce0.8Fe3CoSb12 – conventional synthesis, c) 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 – ball milling synthesis, d) 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 – conventional synthesis. 
Figure 5 Thermogravimetric analysis (TGA) for Ce0.8Fe3CoSb12 and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 samples prepared by both ball-milling and 
conventional high-temperature synthesis. 
Figure 6 Electrical transport properties of Ce0.8Fe3CoSb12 and 
Ce0.5Yb0.5Fe3.25Co0.75Sb12 as a function of temperature: Seebeck coefficient 
(top), electrical resistivity (middle) and power factor (bottom). 
Figure 7 Thermal conductivity (κ) of Ce0.8Fe3CoSb12 and Ce0.5Yb0.5Fe3.25Co0.75Sb12 as 
a function of temperature: total (top), lattice thermal conductivity (κL) 
(middle) and electronic thermal conductivity (κe) (bottom). 
Figure 8 Temperature dependence of the figure of merit, ZT, of the p-type 
skutterudites prepared by ball milling compared with materials prepared by 
conventional synthesis. 
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Highlights 
• Large samples of p-type filled skutterudites produced by ball milling.  
• TE performance matches or exceeds that of conventionally-prepared materials. 
• Reduced thermal conductivity associated with the reduction in grain-size. 
• Consolidated ball-milled materials are more resistant to oxidation. 
 
